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BE. HFF-FIEE M1 (integrated autotrophic and heterotrophic denitrification, IAHD) .25 7] DL B #EAT 61k ¥, Al ERER A1
AN, A9 Tl K AL PR O HE B ITIT AR AR 2 B 2 G, SIS U i 7 2 AR A R BOR B BIE ] 2 5
1L TAHD J2 T RE AT OR . A G T TAHD TR HL TP 0T 23 T TAHD A9 OB R R A AF T ist i A1)
FHA PR A TEIR L nUE B AL AN 2 e S8 56 Ak 50k, 78 TAHD JPHESZEe b, 2 FH R SR S0 55. 1% i, Bifkd) | T
ORI EBRICEM B R R . JE— P RBAY SR LR R, TSR AP LR R AR A A A
AR, HEIE R S ml A 10 mL BE,HF B 9 5 18.7% A1 38.2% . Tllumina fi A ) A 9 O 4 2R R WY
Thiobacillus . Thauera , Mangroviflexus F Erysipelothrix B 8 AL R 32 R JR , P Thiobacillus FIFHXT 3 B Bl 2 HL T2k
AT, AT R T AR T T2 AR A 55001 TAHD 2470 RE Z M IR TEIR &R, I AR AR 6L
RAA PR A HLH 2 B 1B AF L.

R [ IR ARG AL (TAHD) 5 3R BEAL; WL T 320K UEYIREE 4540 -
RESES, X703 IERFRIRA. A XEHS: 0250-3301(2019)09-4128-08  DOI: 10.13227/j. hjkx:201902106 i ]

Electron Equilibrium Analy51s of Integrated Autotrophlc and Heterotp{)phlc

Denitrification Process Under Micro-aerobic Conditions~ N

ZHANG Ruo- cherr, CHEN Chuan” SHAO Bo WANG Wei, XU Xl—]un, REN Nan-ql y
(State Key Labor-atory of Urban Water Resou_gt‘e an(};Envm)nment School of Envrronment Haybm Ihstnute of Technology, .Harbm 4
150090, Chlna) - = ’ g
Abstract; The 1ntegrdted autotrophic and hetelotrophl( demtrlfl(atlon (TAHD) procef , which™ can simultaneously degrade sulflde

nitraté, and organic carbon with nitrate as § 50}0 dlectron agceptor, has gained increasing atfention as a key unit in industrial waslewater
treatment, Micro-aerobic technology, whidh intrgducés trace oxygen as an additionall electron acceptor, has been demonstrated as an
effective Qtrategy for enhancing the IAHD performan(‘e,a This. 41‘udy #ocus on the electronic balance calculation of the IAHD process and
reveals for/fhe first time that the IAHD process can efficient® proused with an insufficient supply of electron acceptors (nitrate) under
micro-aerobic conditions. In the TAHD batch tests, the highest sulfide, nitrate, and acetate removal efficiencies and rates were
obtained' with an electronic deletion rate peak at 55. 19%. Further sulfide oxidizing batch tests demonstrated that the electronic deletion
rates were 18. 7% and 38.2% under oxygen contents of 5 mL and 10 mL, respectively, in the biological sulfide oxidizing process.
Illumina sequencing was used to analyze the microbial community structure in the sulfide oxidation process and indicated Thiobacillus,
Thauera, Mangroviflexus, and Erysipelothrix dominated in all community compositions, in which the relative abundance of Thiobacillus
increased with an increase in the electronic deletion rate. This study reveals a potential linkage between the electronic gap and the
enhanced IAHD performance, which proves new insights into the simultaneous sulfur, nitrogen, and organic carbon removal process.

Key words: integrated autotrophic and heterotrophic denitrification ( IAHD ) ; micro-aerobic; sulfur oxidation; electron acceptor;

microbial community structure
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S*” + NO; + H,O —> 8" + NO; +2 OH™ (1)
NO; +0.375 CH,CO0™ +0. 125 H,0 —
0.5N, +0.75 CO, +1.375 OH" (2)
S* + NO; +0.375 CH,COO™ + 1. 125 H,0 —>

S +0.5N, +0.75 CO, +3.375 OH" (3)
FlZe bikiAe, P NG R T8 2 4 K
DAZERF 3 i T 68 A= 9y 18] 09 A 35 1 A5 A 1T 58 16
TAHD "I 20 By i BB 25 BR &0O%. il anid 35 C/N
S/NEER LS | HAb 52 7 s # Y  Fes il 7K 7 45% B s
6] ( hydraulic retention time, HRT) Fliaf i) 4.
SR, AsEBR =2 H R 5 TAHD T 2547 AL BE Ry
A RO, Chen 557 B YOk S5 A TAHD
TZERG, RGP AT R DO ¥ N 0.8
mg- L~ 0F, BRAGYI RIS EREL 2 BRI T
AT LR R R N A SR O AL T 5 S R SO AL
PN THE— 32K (NO; ) a4, I 3 AN ]
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WEEE AT SO 3l g 27 | A0 A W) v 4
F . Ty RiE DR N BiRE Il 1 ) BE A AT 4R 2% PR

IAHP-T. 232174 AR B AL LI 024 Chel 25087
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L1 AW R 30
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blanket ) A= 9 52 i 2 AT, SO0 2 FH AT AILIE 358 1A
TAEZ AN 580 mL. HER5 IR H MG /K SCET57K
AEER)T e e, SETRINE TS U R R T AR
J&# (suspended solids, SS) F1¥% & M & 1% A& Wk &
(volatile suspended solids, VSS) 2354 79.6 g-L™"
F139.3 g- L', FEAE A 280 mL. WV ASEEREIR T
847, HRT 24 12 h. JBLas2E K & A s ALy
($?7)200 mg-L~" | fSERER (NO; ) 465 mg-L™' | &
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mg-L™" AfEEREIGE "1 mL-L7".
1.2 PPt s am s
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VERE, 2B TOKE LV 3 UUR HEAT IAHD FF
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SN IR A RO AR E 728 SORBE 15 min, LA
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Ko BJi7 SRR R, RO S mL i 10
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VBHEI) | P SR 1o 5 4 R A
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1.3 HdsiE
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12000 r-min~' FE.L> 3 min, J5iEEd L4142 0.22 pm
(1) SR TR A K 22 L U R 3 i kR () e A 1 2 o
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MR AR B 1 ¥ J 2R 85 F (4 35% ( Dionex 1CS-3000)
ME. KB F G5 55 4 AST1-HC 4 x 250
mm, VEC N 1.5 mmol-L ™'Y NaOH, ii# Ky
TR s fifk MR B PR 75 pH/ Oxi 340i
(R A S ASGI E . pHL A 1 852k pHS-25 19 pH X
WE. SRR 0, & ZHE 7890A RIS AH
T A
1.4 DNA $EBCR i 5 7

Fr AL B AL PSR 25 S, AR 4% 5K
B2 35 e, FH B I 4l DNA $2 B0 ) &
(DP336) #£17 DNA By$2HL. #EHL 515F (5'-GTGC
CAGCMGCCGCGG-3') Fl 907R (5'-CCGTCAATTC
MTTTRAGTTT-3") fER 51 ¥ % 40 & 16S rRNA 7

3.1
1 em™ *min™ .
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V4-V5 XFEATP 1. 20 wL (99" K R A1 45 . DNA

FERR 10 ng, 5 x FastPfu 8K 4 wL, ANTP s (2.5
mmol - L.™") 2 pL, IEMGI# (5 wmol-L™") 0.8 uL,
K519 (5 pmol-L™") 0.8 pL, FastPfu DNA B4
i 0.4 pL, M IEHEMZEK 12 pl. PCR ¥ 845
9 :95C WA E 3 min, 30 MEFR, Hirp 959C 481
30 s, 55°C B k30 s, 72°CHEAH 45 s, THEIREE R G i
LT 72°C T4 10 min. PCR P2¥128 1% Bt st
e FL K 2R A M AL S B ), R AxyPrep DNA
Al AR X 3 = A T Al A AT S v
WM. % Mlumina MiSeq PE250 -5 XJ B 7% DNA
Jr B A7 W 0, 9 A Usearch ( vsesion 7.0,
http://drive5. com/uparse/) B AFXF BT A A AL EE K
T 97% WFFIHEFT OTU 20284y, FA4 OTU Xt i
FI¥FR 532215 B, R RDP classifier U135 4K
I8 Silva ( Releasel28, http://www. arb-silva. de) %%
PEPEH AT 47 252253 Hr. 16S rRNA J?izéiﬂ"]f“f §1) 1
fée 5% NCBI BRI T, 2575 SRP125349. .
1.5 PR i

TEE S IAHD ARG, )Mﬁ%ﬁ‘ﬂlﬁaﬁﬁﬂ_;

., 9&2%?%#%?#&% ﬁ‘ﬁTﬂFFﬁ}iHﬁ j‘:k&
R B B %lf"‘i%ﬂﬁ#]ﬁai'*%ﬁj_” ﬁﬁiEﬁ ?Eéll%
?xﬁi Hﬂ?ﬁﬁt%zliﬁazﬂﬁﬂ}?ﬁ T@ﬂﬂj

F&%mﬁﬁmamlﬂﬁﬁgﬁwﬂDoﬁ 1E |
RER T 4 Wﬁﬁfﬁwm%@%ﬁﬁfx

YPRFSFIE, 2 0LL T A 306 TAHD N AT
LT R
esrurm =2€ (87 -Syy = S-Sy — SOT Spy -
SZO§‘-SM) +4e” 520§'-5m< +
8e” SO S, (4)
ecrmrm =4e (Ac -Cyy — Ac™-Cypyp) (5)
eovigmri =2€ NO;-Nyjy +5e7 (NO7-Nyy -
NO;-Nyx = NO;-Ny, ) (6)
A, W4 B TAHD Jo 2% 328 H 7K B
RO R P (mmol - L")
FEF AL ER SR L g0 b, AR B2 N ) 46 Bt 1k
Yy, GHRRERFN IR ER v B K 5 vy 448 o B A R B LAk
R 57 1 T B X6 e A ok R AT L A 4 BT
Z L G TR, ARSI B R BT AR AR
SAETRITE AL T A AR SRS T (PV = nRT)
AT

2 HRE5HM

2.1 EZLEELTHI UASB-TAHD I 3k g
TEBELHEITHI 41 d N, HEKERAL Yk BE 1 2445

FHAE 200 mg-L ™' ZE 45, St N: C MIEEJR I K51 6: 5.
K 1 FI3E 1 BR T UASB B RV S 3 40iE T2
B aaATReee. Wik 1 TR, A TR,
Ak, IEIRER A LR I BRI H 100% . K
Jof #i HH 7K A R B AR PR, 70. 0% R #E K
WAL ILE U D B T T AL B R 3 DS I 4 U
. KRR ER AR R AR AT AR R B sE 1 ~ 15 d

BERK, BRI G RRETE 6.3%.

o S*-Sitk O NOy =Nk O Ac-Ciltk

¢ S-Sk e NOy-NiiZk + Ac-Cilik
ANO-Nik 7 SO7-SHik B S;0:7-SHk

8 J‘DD:DDD:DDDMD':!%LH P:r—'DU{WDDH”‘DE‘DDn[m

= B

3kt R I e S /mmol-L ™!

i fil/d
S Nil=5:6:5, 8% =200 mg-L. ™"
E1 i%}iﬁaﬁﬁ%&iﬁ 41d E’]J&$7K?"$T>,-’

Fig. 1 Bloreactor performance over the 41 operatlonf]l dayi i
&

e f B, i 22 e (A o T
x%ﬂﬁaﬁ 39.37+ J;nmp'l L7, ORA /m;@ﬁ%%
( - 38.31 mmol+L"! )%na@ai'“ (- 2100
ol L 1) R AL TR, T
TR AT A L 02 L T 19 Lo S0 T

SRR, TEESR RN AR R B AT B, TRk
ZAH N 20.94 mmol-L~", MY T B gk R ok

65.9% , X 1] BE 5 1A R PN JC R A T B AR
5&. Chen %L LB T A SME T TAHD a2 (Y
A B S, HAH EGSB A= ¥ I 1 45 75 A
ST XA T 4er A 800 mg- L' % TAHD s 2 iF
itk , BRAb . MR EL AN 2 BRI 2R R N
100% i}, Lo g RN 31.5%. K 1 #k— Bl
flde SEUAE TAHD T2 H X HL 15 2 NS 174 53 ik
BE MRS A RAE R TAHD 3o 2 v 5 0 7 A8 Sk A
FEBR AR LB A P R
1 UASB M5 M EEAETIHAEME TR

Table 1~ Operational performance and electron transformation

in IAHD bioreactor in the steady state

¥m  iH EBR(Fifk) TR ED Bk RY
- ; /% /mmol -, ™! /%
§?- 100
WAEY S0i- 70.1 -38.31 65.9
S,0%" 0
NO-
ARY O3 100 39.37 65.9
NO; 6.3
WEY  Ac” 100 -27.02 65.9

D) FEFR KRB TR, IEEFRR S TR 2) i FEoR =
TR/ R TEL
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2.2 AFEESSE T IAHD Rt S s

MEEZ AT TAHD A9 e b g A B 3 50
mL YL TE R T F AL 8. B2 ok T TAHD
A BRPAR RIS & T i, HREh Mo m:
2B S, RS ER 10 mL 1Y &0
T, miAEMImTBAE 1.5 h HEMEZEO
mmol - L' [F2(a)]. MESEENS5 mL A0 mL
W, A A 4E 403 0.5 h, FRIESCE | R &
WAL E B AL Y. YRS RN 10,5 A0
mL B, GREREL 5 L2853 5 R 84% | 78% Fll 48% .
ATLAE R, B SRS N S, GRR R i R
B R, TR AT RANT, YR
R LT BRI = Z A, AN R S L R |k
50% , HBLWAE R Eh ) BRI, 7= AR Y T RE R £
dkei e RS AR I N, A R S R R AR = 0
mmol-L™", 7E5 mL #1 0 mL A% AE IR
IR B ALY, R B R B E T e A
765 mL BEE T, Bk B e 5 T 4R 3
h J5 % 4 R B, 165 h B Hk R fn & 0. 81

mmol-L 7", EB{%%#F‘F(O mL %%) , ﬁﬁ’pﬁ%ﬁ?_

9905 ) Uf B AR R R A — 2 (2,92 mmol-L7").
S0 0BG 0 BT A TR R W A A s AR
. Zhou 2" i B 5104 TAHD & & b 1915
VAT m T, &I Methanobacterium 3= FE#¢
5. Methanobacterium 7] VAR F £ 18 38 AF 4 v, 1 it
PR BT B A R Ry B Ak, R A DN TAHD & &
W) B AL 9 R AT RE R 28 T BE AR 0 ok R

THAAE TAHD JFPHE#5 SR8 52 50 1 R v i i 7
RIHEBL (R 2) , ALK BULE AR R A& R &
T, YA ER PR A IS, BT 32 it
&.10,5 F0 mL AASEMET, BFEURERS N
24.3% . 55. 1% F139.2%. WK 2 fix, fEASS
RS mL BT, 54705 h WELY, ERE:
R TREE M5B [ mmol - (L+ h) ™' | W AU
910 mL B2 R5%0 , TTBALA 305 (i v
(0.81 mmolL_l)m\U{EEﬂ:BE/fL%#F—Fm’ﬂ;%ﬁ-gﬁE
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Shannon 1 Simpson 48§ £ 75 7% [&Ff ¥ 4= )2 1Y JL Al
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Fig. 2 Time course of sulfide, nitrate, and acetate removal and

transformation in TAHD batch tests
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Table 3 Variation of sulfur containing compounds and electronic balance calculation in batch tests with oxygen only

AR §2”-S/mmol-L-"  SO;”-S/mmol-L°'  $,03" -S/mmol-L™" ey TR TR BTSN BTERR
CEBREAMD /mL ™ with A g & Wi R /mmel /mmol  /mmol /%
10 (11.5) 6.50 0.97 0 1.33 0 3.67 -2.64 1.91 -0.73 38.2%
5(4.5) 6.38 4.15 0 0.29 0 1.39 -0.89 0.75 -0.14 18.7%
0 6.16 6.41 0 0 0 0.14 —b — — —
10 (7.5)% 6. 09 3.62 0 0.57 0 1.82 -1.20 1.24 0.04 —
1) “—" FR LB BAANREIE ; 2) ToLL Wik A g xd I 2
R4 WEMBENSHEERFEERY
Table 4  Species richness and diversity analysis of microbial communities
A Shannon T5%% Simpson T84 Ace FREL Chaol F8%k
S10 1.902 0. 381 229. 128 220. 037
S5 1.991 0. 350 216. 595 194. 556
SO 2.192 0.298 298. 437 260. 550
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Fig. 4 Bacterial community structures at genus level in sulfide oxidizing batch tests corresponding to different oxygen contents
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